Despite longstanding research on the age and formation of the Tibetan Plateau, the controls on the erosional decay of its margins remain controversial. Pronounced aridity and highly localized rock uplift have traditionally been viewed as limits to the dissection of the plateau by bedrock rivers. Recently, however, glacier dynamics and landsliding have been argued to retard headward fluvial erosion into the plateau interior by forming dams and protective alluvial fill. Here, we report a conspicuous clustering of hundreds of natural dams along the Indus and the Tsangpo Rivers where these cross the Himalayan syntaxes. The Indus is riddled by hundreds of dams composed of debris from catastrophic rock avalanches, forming the largest concentration of giant landslide dams known worldwide, whereas the Tsangpo seems devoid of comparable landslide dams. In contrast, glacial dams such as river-blocking moraines in the headwaters of both rivers are limited to where isolated mountain ranges intersect the regional snowline. We find that to first-order, high local topographic relief along both rivers corresponds to conspicuously different knickzones and differences in the type and potential longevity of these dams. In both syntaxes, glacier and landslide dams act as a negative feedback in response to fluvial dissection of the plateau margins. Natural damming protects bedrock from river incision and delays headward knickpoint migration, thereby helping stabilize the southwestern and southeastern margins of the Tibetan Plateau in concert with the effects of upstream aridity and localized rock uplift.
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erosion | tectonic geomorphology T he Tibetan Plateau is one of Earth's most significant continental-scale landforms with large contiguous areas with elevation ≥5 km that have largely escaped significant erosional decay over geological (>10 6 yr) timescales (1-6) ( Fig. 1 ). To maintain plateau topography over geologic time-as shown by the observation that headward erosion of bedrock rivers into the Tibetan Plateau interior is limited (2, 3, 7)-requires significant dampening of fluvial erosion unless there are mechanisms by which knickpoint migration and associated dissection is delayed or arrested. Traditional explanations for the abrupt edge to the Tibetan Plateau focus on either "from below" in terms of tectonics or "from above." The latter invokes dynamic feedbacks between tectonics, climate, surface processes (2), highly focused rock uplift (4), aridity-controlled defeat of river incision, and concomitant formation of internally drained basins (1, 3) , particularly along the dry northern Tibetan Plateau margin. Although localized rock uplift is known to affect river longitudinal profile shape and, hence, erosion potential, mechanistic models for defeating or reversing bedrock rivers subject to substantial sediment flux remain largely unexplored (8) .
This shortcoming applies especially to the southern margins of the Tibetan Plateau and more specifically the Himalayan syntaxes that are unique regions for investigating extreme river incision into plateau margins because they are amongst the most tectonically and geomorphically active regions on Earth (4, (9) (10) (11) (12) (13) (14) . Located at the tips of the Himalayan orogen, they are characterized by "bullseye" areas of exceptional, though spatially restricted, rates of exhumation, erosion, and high topographic relief compared to the Tibetan Plateau (Table 1) . Two of Earth's deepest bedrock gorges, cut by the Indus and the Tsangpo rivers, define the approximate extent of focused dynamic coupling between erosion and rock uplift in the cores of the syntaxes (9, 13) that mark localized areas of high sediment production and flux at the Tibetan Plateau's margins (12) . Little attention, however, has been given to the conundrum of how the enhanced erosion in the syntaxes contrasts with preservation of the plateau beyond these margins. Here, we build on recent studies that have emphasized localized input of large (>10 6 m 3 ) amounts of river-blocking debris as a ubiquitous and plausible mechanism of retarding headward migration of bedrock knickpoints into the plateau interior in concert with focused rock uplift and upstream aridity, proposing that large natural dams play a vital role in maintaining a steep plateau margin (5, 15, 16) . Given their sufficient size and longevity, such dams force the deposition of backwater sediment wedges with individual volumes of >10 10 m 3 , thereby protecting bedrock from erosion over significant portions of the river longitudinal profiles for as long as >10 4 yr (17, 18) (Fig. 2) .
To investigate whether natural damming is frequent and long-lived enough to effectively dampen river incision, we explore the effects of and controls on a prominent, unparalleled, and previously unrecorded clustering of natural dams formed mainly by fluctuations of valley glaciers and catastrophic rock-slope failures in the cores of the Himalayan syntaxes (Fig. 1) . Specifically, we investigate the basis for inferring a causal linkage between the locations, types, and longevity of these natural dams, and the topographic properties of river reaches where the Indus and Tsangpo descend from the plateau.
Results
We mapped >900 dams formed by moraines and landslides, excluding river blockage or constrictions by fluvioglacial outwash fans or lobate rock glaciers (Fig. 2 ) from remote sensing data and during field visits. Dozens of the dams mapped are the combined results of glacier fluctuations, supraglacial landslides, and debris flows (19, 20) . Objectively distinguishing individual moraines from landslide dams remains a challenge (6, 17, 21) , although sediments exposed in dissected dams usually offer clear distinction. We observe major differences in the distribution and topographic setting of the mapped dams. Topographic analysis reveals that local relief and its average within a 10-km wide corridor along the trunk rivers are, overall, higher in the Indus but more extreme and focused around the Namche Barwa antiform where the Tsangpo has cut a 6-km deep gorge through rapidly This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: oliver.korup@geo.uni-potsdam.de. exhuming migmatitic gneisses (12) (Fig. 3 and SI Text). In contrast, local relief in the Indus peaks at the northern tip of the Nanga Parbat-Haramosh massif, ∼40 km away from the main river. Major knickzones, defined by interconnected reaches of pronounced steep gradients, occupy 58% and 16% of the full main-river profile lengths in the Indus and the Tsangpo, respectively, and help define morphometrically the Tibetan Plateau margins.
The occurrence of glacial dams in the headwaters of the Indus and the Tsangpo is, generally, limited to where isolated mountain ranges intersect the regional snowline (Fig. 3) . In the Tsangpo, large present and formerly river-blocking laterofrontal moraine ridges formed by highly dynamic monsoonal temperate glaciers (22) cluster in the eastern Himalayan syntaxis (5). There, dams are arranged in a string-of-pearls fashion along tributaries of the Yigong and Parlung Tsangpo just above the knickzone. The larger dams have caused widespread backwater aggradation, forming broad valley trains occupied today by braided river systems (Fig. 3) . Among several dams on the Tsanpgo upstream of its steep knickzone, a ∼700-m high moraine dam below the terminus Basin-wide denudation 3-5 mm yr −1 (13) Types of natural dams Mainly catastrophic bedrock landslide dams clustered in linear knickzone (6, 18) Mainly moraine and polygenetic dams clustered above steep concave knickzone (5) *Materials and Methods. of Zelongnong Glacier west of Namche Barwa has been correlated with Holocene lake terraces formed in one of the largest glacier-dammed lakes reported for the Tibetan Plateau, extending for >500 km upstream into the Yarlung and Nyang Rivers (23) . Similarly, glacial dams in the Indus basin cluster mainly around the high-relief massifs of the western Himalayan syntaxis. They are limited to tributaries such as the Hunza valley where several glaciers, including the 55-km long Batura Glacier, had formed short-lived dams during the Little Ice Age. The mainstem of the Indus, however, is dominated by dams formed by large (>10 8 m 3 ) catastrophic rockslides and rock avalanches with the highest concentration being where the river crosses the core of the syntaxis (6). Most major dams are stratigraphically tied to extensive intramontane alluvial flats that have served as sediment traps following prolonged impoundment. In many of the higher tributary valleys, rock-avalanche dams act as local base levels controlling up-valley sedimentation around glacier tongues that also block the rivers. All major landslide dams mapped in the Indus basin are in the knickzone downstream of the plateau margin. Moreover, their average density in the core of the western syntaxis is six times higher than anywhere else along the knickzone (SI Text).
Clearly, the longevity of these dams and their impact on the river systems are central to assessing their importance for impeding bedrock river incision into the plateau margins. Landslide and moraine dams rarely fail before overtopping unless impacted by displacement waves or seepage (17) so that the times to overtopping and complete sediment infill based on contemporary water and sediment discharge (24) are first-order proxies of minimum and maximum dam life spans, resp. These projected life spans arise from topographic constraints on reservoir geometry and give a rough indication of the potential dam longevity for discrete scenarios. Analysis of digital elevation model (DEM) data shows that thus modeled life spans are about 10 times shorter in the knickzone of the Tsangpo compared to the knickzone of the Indus; a similar contrast exists between knickzone and plateau reaches along each river (Fig. 4) . For example, 500-m high dams could trap sediment for up to 10 4 yr in the Indus knickzone. Age constraints by radiometric dating (25) , prolific field evidence of incompletely and gradually breached dams (6) , and the net cumulated amount of sediment associated with dams in the Indus confirm the likelihood that aggradation effects persist over >10 3 yr. We estimate that a total of >227 km 3 of rock debris had been mobilized by 114, mainly Holocene catastrophic landslides in the Indus basin upstream of Besham, which has a contributing drainage basin area of 2.1 × 10 5 km 2 ( Fig. 1 ). More than half (i.e., 131 km 3 ) is contained in 43 landslide dams on the mainstem Indus and Shyok Rivers. Put in perspective, this total volume is equal to ∼3500 yr of the historic suspended sediment flux of 1.76 × 10 8 t yr −1 measured at Besham (24) . This excludes the volume of valley-fill sediments stored behind these dams that occupy ∼80% of the Indus knickzone and that we estimate to be at least of the same order of magnitude for the core of the western syntaxis, but an order of magnitude higher (>10 10 m 3 ) along the remaining portion of the knickzone (6) . Similar dimensions of large moraine dams in the Tsangpo and its tributaries support the notion that impoundment effects on fluvial incision continue long after dam breaching, in most cases much longer than a given full dam persisted (Fig. 2) and, in the Indus, possibly longer than in the Tsangpo. Self-armoring of breach channels through boulder lag derived from moraine and landslide deposits (15, 17) may significantly retard the rate of incision into natural dams and, thus further increase the residence time of both dams and associated backwater sediments. Moreover, the frequent cutting of epigenetic gorges following lake overflow across bedrock sills lower than the dam crest (6) causes rivers to re-incise locally, thus further delaying net bedrock incision along a given reach.
Discussion and Conclusions
Our results show that the location, abundance, and potential longevity of large natural dams in the knickzones of the Indus and the Tsangpo are linked to first-order with changes in local topographic relief. The distribution of glacial dams appears to be largely governed by both topographic and climatic gradients. Local relief correlates with the pattern of regional-scale precipitation (SI Text). Monsoon-and westerlies-derived precipitation typically peaks in the Lesser Himalaya where gradients in local The same applies to median times required to fill the related reservoirs (C and D), assuming dams remain stable. Box-and-whisker plots show that, for a given crest height, overtopping and sediment infill in the knickzone of the Tsangpo would occur about 10-times faster for more than half of dams than in the Indus. A similar contrast exists between the knickzones and plateau portions of both rivers that can be distinguished using a critical mean local relief (SI Text). Higher scatter in Tsangpo data is partly due to numerous knickpoints and DEM noise in areas of high topographic relief. Note that, in some cases, lower H D may result in higher times to overtopping because of dam-volume effects and potential spillover across topographic lows (Materials and Methods).
relief are high (26) , whereas most of the low-relief Tibetan Plateau remains comparably dry because of its high lee-side elevation. Adding to controls such as elevation or slope aspect, local relief also determines the position of the equilibrium line altitude of glaciers (27) and, hence, the positions of ablation zones where large river-obstructing moraines may form. Indeed, most of the moraine dams are preserved in major tributaries where local relief is significantly lower than in the knickzone (Fig. 1) . Also, projections of the contemporary snowline (28) broadly mimic the trend of the river longitudinal profiles and are lowest where local topographic relief is highest (Fig. 3) . We infer that the particularly short and plunging Tsangpo knickzone precludes glacial advances into deeper parts of the gorge where a rapid descent into warmer temperatures forces ablation and deposition of moraine debris. Truncated moraine ridges of steep tributary glaciers along the Tsangpo gorge indicate that aggressive fluvial erosion in this knickzone rapidly removes dam material supplied during glacier advances (Fig. 4) . Moreover, as opposed to most landslide dams, moraine dams (re-)form in more or less the same locations by periodic glacier fluctuations. Multiple glacial advances would reinforce and replenish the dams with sediments, forming the composite assemblages of multiple laterofrontal moraine ridges, debris-flow fans, aprons, and ramparts we observe today.
One explanation for the peculiar clustering of landslide dams in the western Himalayan syntaxis is that slope stability depends on local relief as a proxy for hillslope length and steepness in mountainous terrain (29) . Although the pattern of landslide dams may largely reflect sediment input driven by local instability, dams occur particularly in steep river gorges where undercutting of hillslopes and mean local relief are high enough to focus topography-induced stresses. A relief threshold >2; 000 m for the majority of mapped deposits (SI Text) indicates that widespread landslide damming of bedrock rivers arises as a negative feedback to fluvial and glacial relief production once topography with hillslopes sufficiently close to failure has been attained. It would also predict large landslide dams to occur in the high-relief knickzones below Nanga Parbat, and especially the Tsangpo gorge where they are not recognizable except for what seem to be several large remnants of landslide deposits (Fig. 3, ? ).
There are several plausible explanations for why dams appear to be absent in the Tsangpo gorge. Many of the formerly river-blocking tributary fans ubiquitous to the Tsangpo, but not mapped here, may be of catastrophic origin. Indeed, the two largest historic landslides (>10 8 m 3 each) in the Yigong Tsangpo have formed deposits that, on aerial photos, are indistinguishable from tributary fans (19) . Moreover, remnants of large landslide dams have also been discovered on tributaries of the Yangtze, all within knickzones along the edge of the eastern Tibetan Plateau where these dams have significantly slowed bedrock incision rates there (16) (Fig. 1) . Also, the 2008 Wenchuan earthquake, Sichuan, has created >250 landslide dams in deeply incised rivers of the Longmen Shan, demonstrating the potential for a coseismic origin of spatially clustered river blockage (30) .
Moreover, catastrophic outburst flows following the sudden failure of dams play an important role in entraining and transporting large quantities of sediment and modulating the impounding effects of downstream dams (17) . Large enough outbursts following repeated and highly-localized formation and failure of glacier-dammed lakes may enhance erosion and accentuate the highly-concave knickzone of the Tsangpo (5, 13, 23), while obliterating evidence of major landslide dams downstream (Fig. 3) . The less steep knickzone of the Indus, however, could largely diminish the erosive power of smaller events in reworking the more ubiquitous intermontane valley fills and degrading landslide dams, although dams are also absent in high-relief downstream reaches. Eventually, such catastrophic sediment flushing seems a plausible and necessary mechanism to allow renewed bedrock incision locally and maintain both high relief and extensive damming episodes. The idea that the overall geomorphic effects of concentrated natural damming are not simply transient but contribute to slowing down and episodically relocating the focus of bedrock river incision within the syntaxes is consistent not only with the Holocene ages for some of the breached dams and their associated backwater sediment wedges but also with variations in millennialscale erosion rates derived from detrital cosmogenic nuclide concentrations in river sands and thermochronological data on long-term exhumation rates (13) along the southeastern plateau margin.
Materials and Methods
Rates of rock uplift, exhumation, and erosion were taken from the literature. River longitudinal profiles and measures of local relief were obtained from gap-merged SRTM3 and SRTM30 digital topographic data. Trunk river channels and major tributaries were identified from the U.S. Geological Survey Hydrosheds data (http://gisdata.usgs.net/website/HydroSHEDS/). River longitudinal profiles were derived from combined analysis of these and SRTM30 and SRTM3 data for 100-m bins of elevation to obtain mean and minimum channel elevation. Local relief was defined as the maximum elevation difference from the SRTM30 data in a moving window of 10-km radius. Mean local relief was averaged per unit reach length within a 10-km wide corridor along trunk rivers. The length and width of individual dams were estimated to the nearest 100 m in the field and measured from LANDSAT ETM þ imagery. Estimates of effective dam heights H D refer to the current river channel bed and were estimated to the nearest 10 m where possible. Volumetric estimates were based on Geographic-Information-System-based interpolation of dam contours with respect to bounding surfaces derived from hillslope and valley-floor topography and are, thus, limited to large prominent dams. To estimate the range of life spans for landslide dams, we truncated the SRTM data and computed cut-and-fill volumes for hypothetical 100-m and 500-m high vertical-faced dams at every 100-m contour along the Indus and Tsangpo. To account for effects of dam volume, we used another empirical scaling relationship of the form V D ¼ cH d D , assuming that 50 AE 10% (AE1σ) of V D had to be subtracted from the reservoir volume. We used historic water and sediment discharge records (24) and corrected Tropical Rainfall Measuring Mission (TRMM)-derived precipitation (13) to estimate minimum times to (i) dam overtopping and ii) sedimentary infill by dividing reservoir volumes by mean annual discharge and sediment discharge, resp. For estimating sediment flux in the Tsangpo, we used a RMA regression of detrital 10 Be-derived mean drainage basin erosion rates with mean local relief (13); assuming no intermediate storage results in minimum infill times. For each hypothetical dam location, we used Monte Carlo simulation (n ¼ 5; 000 runs) to keep standard errors of the means predicted from regression <5% and quantified the cumulated errors as AE1σ.
